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ABSTRACT
Hydrogen peroxide(H2O2) is a powerful oxidizing agent that produces no known
disinfection by products (DBPs), making it an ideal candidate for water treatment if produced
efficiently. This study compared the efficiency of H2O2 electrosynthesis between different
conductive carbon electrocatalysts, binding agents, and current densities, with phosphate
buffered saline (PBS) as the electrolyte in a gas diffusion electrode (GDE). The results showed
that for any given binding agent, the electrocatalyst that produced the most H2O2 changed based
upon the current density applied to the cathodes. A current density dependent impact of Nafion
as the binding agent on both Printex L6 and Vulcan XC 72 electrocatalysts was also observed,
with Printex L6 performing best without Nafion used at all at 1mA/cm2 and 0.5 mA/cm2. The
best performance for Vulcan XC 72 was achieved using 0.233 mg Nafion/mg C at 1mA/cm2 and
0.5 mA/cm2. Cathode performance was found to be independent of the cathode porosity, as the
porosity of the different electrocatalysts were similar.
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1.0 INTRODUCTION
Hydrogen peroxide (H2O2) is a powerful oxidizing agent that has the potential for use in a variety
of industries. It is currently used as a bleaching agent in the pulp and paper industry as a
replacement for chlorine based bleaches that can produce halogenated byproducts [1]. H2O2
decomposes into water (H2O) and oxygen (O2), making it potentially an environmentally safe
cleaning alternative. A number of studies have made claims that H2O2 is environmentally
friendly and does not produce toxic byproducts [1-4]. However, none of these studies provide
data in support of this assertion. Additional research is needed to assess the formation of
disinfection byproducts associated with H2O2. An obstacle to widespread adoption of H2O2 use in
water and wastewater treatment is its production and storage. Anthraquinone oxidation(AO) is
the current conventional method of producing H2O2, which requires significant energy input
[1,2]. H2O2 can be produced onsite at water treatment plants, but deteriorates over time and
requires secondary storage facilities [5].
The electrosynthesis of H2O2 in situ via gas diffusion electrodes (GDEs) provides a
potential alternative that is both cost effective and environmentally friendly. In a GDE, O2
diffuses through a hydrophobic microporous layer (MPL) on the cathode where it can be
reduced. It should be noted that electrosynthesis can be accomplished by a variety of ways if
certain requirements are met. First, a transfer of electrons onto the anode must occur via
oxidation of a fuel source (H2, methanol, acetate, etc.) or other means (solar power) [6]. Second,
the reduction of an electron acceptor at the cathode must occur via electrons from the anode by
an external circuit. Specifically in wastewater treatment, microbial fuel cells (MFCs) utilize
bacterial respiration of biological oxygen demand (BOD) from wastewater flowing through the
anode chamber, which contributes electrons to the cathode via an external circuit that facilitate
15

the reduction of O2. With a specific class of MFC called microbial peroxide producing cells
(MPPCs), H2O2 is produced from the reduced O2 at the cathode of the cell. The advantage this
method provides is not only efficient production of H2O2 (1.15 kg H2O2/kWh and 1 kg H2O2/kWh

in electrochemical synthesis vs. 0.225 kg H2O2/kWh AO [3,4,7]), but the convenience

of producing it within the system it is utilized to treat. This method has the potential to remove
the need for storage if sufficient H2O2 can be produced from the water and it is cost effective.
For electrosynthesis to occur, an electrocatalyst must be used to facilitate electron
transfer from the cathode to subsequent reduction of O2 diffusing into the water. The
electrocatalyst is painted on the cathode as an ink, which is composed of the carbon
electrocatalyst, the solvent, and the binding agent. Nafion is used in electrochemical cell
applications as ion exchange membrane (IEM), ionomer coating, and binding agent. For the
purposes of this thesis, Nafion will be referred to as a binding agent when loading is altered in
experiments. As an cationomer, Nafion improves conductivity on the triple phase boundary layer
of the electrocatalyst for proton transfer [8]. However, aVulcan carbon has been studied
extensively with different binding agent solutions to determine H2O2 production efficiency
[4,5,7]. This study compares Vulcan XC 72, Vulcan XC 72R, Printex L6, and Ketjen Black
EC300J carbon electrocatalysts to previous studies to determine the most cost effective
electrocatalyst to achieve H2O2 production. Once the best carbon electrocatalysts are determined,
different Nafion loadings are examined to determine their effect on H2O2 production.

16

2.0 BACKGROUND
2.1 Industrial Application and Production of H2O2
H2O2 is used in a variety of applications in both industrial and domestic water treatment.
In pulp and paper bleaching, H2O2 is utilized as an alternative to chlorine-based bleaches that
produce halogenated by products. Printing dyes can be removed using H2O2 in recycling lignin.
In textiles it can be used as a non-corrosive bleaching agent and is utilized as a color safe laundry
detergent. The most common method to produce H2O2 is through the anthraquinone oxidation
(AO) process, where H2O2 is extracted from a dissolved mixture of organic solvents and the
result of a reaction cycle involving hydrogen, atmospheric oxygen, and an anthraquinone
derivative. This process requires significant energy input (0.225 kg H2O2/kWh). Currently, the
AO process accounts for over 95% of the world’s H2O2 production [1,2].
For wastewater treatment, H2O2 is used in a variety of industrial wastes to remove
recalcitrant organics through production of hydroxyl radicals (OH•) in advanced oxidation
processes (AOPs). One of the most popular chemical AOPs is the Fenton’s process, which
couples iron oxidation with degradation of H2O2 to produce OH• :
Fe2+ + H2O2 → Fe3+ + OH- + OH•

Eq. 1

Excess H2O2 can also regenerate ferrous iron, coupling iron reduction with the production of
hydroperoxyl radicals (•O2H) [12] :
Fe3+ + H2O2 → Fe2+ + H+ + O2H•

Eq. 2

The Fenton’s reaction occurs optimally under acidic conditions (pH≈3). The Fenton’s process
can also be utilized for regeneration of granular activated carbon by oxidizing the adsorbate into
less toxic byproducts [13].
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An extension of the Fenton’s process that holds promise in combination with
electrosynthesis of H2O2 is the Electro-Fenton (EF) process, where the anodic oxidation of
compounds is coupled with oxidation of Fenton’s reagent. Multiple methods of EF have been
developed. H2O2 can be produced using a metal oxide anode with a cathode exposed to oxygen
[14]. The opposite can be done, where ferrous ion is instead produced from the anode and H2O2
is added externally[15]:
Fe → Fe2+ + 2e-

Eq. 3

Alternatively, ferrous ion can be added and the H2O2 is produced at the cathode [12]. The
concentration of H2O2 required for removal of chemical oxygen demand(COD) is dependent on
the wastewater treated, but an H2O2 concentration of 2000 mg/L has shown COD reduction of
72% in landfill leachate at a concentration of 2,350 mg COD/L [16].

2.2 Electrosynthesis of H2O2
Electrochemical cells can be utilized for energy production and synthesis of compounds
via redox reactions. The type of electrocatalyst used is the primary determinant of the function of
the cell, since the electrocatalyst will determine the flow of electrons for the oxygen reduction
reaction (ORR) at the cathode. The ORR can occur with 2 electrons for H2O2 production or 4
electrons for energy production. The 4-e- ORR on the cathode proceeds in the following manner
[17]:
O2 + 2H2O + 4e- → 4OH-
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Eq. 4

The electrons supplied for the ORR can come from a variety of donors at the anode, including
methanol, H2, acetate, solar power, and more [6,17]. Using acetate as an example substrate to be
oxidized, the reaction at the anode is:
CH3COO- + 4H2O → 2HCO3- + 9H+ + 8e-

Eq. 5

For application in wastewater treatment, microbial fuel cells (MFCs) transfer electrons from
bacterial oxidation of organic compounds to the anode, moving electrons to the cathode in a
separate chamber through an external circuit. A specific class of MFCs called microbial peroxide
producing cells (MPPCs) can utilize the electrons at the cathode for the subsequent oxygen
reduction reaction (ORR) of O2 to H2O2:
8H+ + 4O2 + 8e- → 4H2O2

Eq. 6

The reaction in equation 5 can occur frequently in pulp and paper wastewater due to the high
concentration of readily biodegradable organics [19]. The proton source from equation 6 is from
water and the speciation of H2O2 is pH dependent:
2H2O + O2 + 2e- → H2O2 + 2OH-

pH<11.8

Eq. 7

pH>11.8

Eq. 8

Above the pKa of H2O2/HO2- at 11.8 [7]:
O2 + H2O + 2e- → HO2- + OH-

These two ORR reactions (equations 7 and 8) require a steady supply of O2 to the cathode. Mass
transfer limitations of oxygen are a challenge due to its low solubility in water [20]. Cathodic
coulombic efficiency (CCE) is used to determine the true value of H2O2 concentration compared
to a theoretical concentration that assumes all electrons are used in the 2- e- ORR:
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CCE = ([H2O2] actual / [H2O2] theoretical) x 100%
[H2O2] theoretical =

𝐼
𝐹

x

𝐻𝑅𝑇
𝑉

x

3600 𝑠
ℎ𝑟

x

1 𝑚𝑜𝑙 𝐻2 𝑂2
2 𝑚𝑜𝑙 𝑒 −

Eq. 9
Eq. 10

Where I is the current in mA, F is Faraday’s constant (96,485 C/mol·e-), V is the cathode
volume(mL), and hydraulic residence time(HRT) is the time the PBS solution is in contact with
the electrocatalyst, which for these experiments is the reaction time of the experiment (hours)
[9].
2.3 Gas Diffusion Electrodes and Their Components
While oxygen can dissolve into solution, GDEs allow cost efficient H2O2 production
directly on the cathode by open air diffusion. A GDE consists of a carbon cloth as the current
collector with a microporous layer (MPL) consisting of Vulcan carbon mixed with
polytetrafluoroethylene (PTFE) as the hydrophobic layer. Vulcan carbon is used as a carbon
support and as an electrocatalyst due to its electrical conductivity, high surface area, and high
mesoporous distribution [21]. On the side facing the electrolyte contained in the cathode
chamber, there is an electrocatalyst layer. This essential layer acts as a triple phase boundary,
where electrolyte, oxygen gas, and electrocatalyst on the cathode structure come into contact.
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Figure 1. Layers in a conventional GDE [5].
One study investigated the effectiveness of PTFE at various amounts in the diffusion
layer, testing PTFE content at 10, 15, 20, 30, and 40% to determine the best cell performance.
Fifteen percent was determined to be the best performing, but overall percentage did not have a
major impact on performance [22]. Another study also tested PTFE content on the diffusion
layer at 10,20,40, and 60% and determined that the overall porosity of the MPL decreased with
an increased loading of PTFE. It was concluded that at a high current density (current applied per
square centimeter on the cathode surface) mass transport increased with an increase in porosity if
the PTFE content was decreased. At a low current density, the electrocatalyst layer had more of
an effect on overall performance. Higher porosity increased the overall effective electrocatalyst
area, since the application of the electrocatalyst could penetrate into the larger pores found in a
higher porosity diffusion layer [23]. Another study investigated PTFE loading and also
concluded that an increase in PTFE decreases the porosity of the GDL, but increases
permeability and hydrophobicity [24].
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2.3.1 GDE Macrostructure
The GDE can vary significantly in terms of its macrostructure, having a single MPL as
ELAT 1400 (FuelCellsEtc., displayed above in Figure 1) or MPLs on each side as ELAT 2400
(FuelCellsEtc.). Previous studies have indicated ELAT 2400 can outperform ELAT 1400 due to
the increased hydrophobicity of adding a second MPL. Results showed that a reduced porosity of
ELAT 2400 (31%) compared to 1400 (63%) combined with increased hydrophobicity of the
cathode surface improved the rate of H2O2 production. The additional hydrophobic layer on the
electrolyte side of the cathode allowed for better dispersion of the electrocatalyst ink. Since the
ink would not go into the pores of the cloth due to the added hydrophobic layer, there was better
diffusion of H2O2 into the bulk liquid allowing for more to be produced [9, 24].
2.3.2 GDE Electrocatalyst Layer Material and Binding Agent
On the GDE cathode, a carbon-based ink acts as the electrocatalyst and is painted on the
side of the carbon cloth facing the cathode chamber exposed to the electrolyte. Studies have
investigated different carbon types and their effect on H2O2 production on the electrocatalyst
layer. One study compared Vulcan carbon XC 72R, Ketjen Black EC 300J, and acetylene black
(AB) carbon types to determine which would be most effective at H2O2 production. These
carbons were evenly dispersed in a reaction vessel, and oxygen saturated sulfuric acid (H2SO4)
was continuously dropped to make the ORR proceed for two hours. Ketjen Black and XC 72R
had comparable production rates at 0.025 µmol H2O2/m2 (amount produced per unit surface area
of carbon materials), but AB had a lower production at 0.015 µmol H2O2/ m2. Production
increased based on the number of alcohol like groups on the carbon [26]. Another study
compared Vulcan XC 72R and Printex L6 to determine the best carbon for producing H2O2.
ORR analysis determined that while more electrons were transferred by Vulcan Carbon, more
22

H2O2 was formed for Printex L6, indicating that the former would be more optimal for energy
producing fuel cells [27]. For Vulcan carbon specifically, it is commercially available as either
XC 72(pellets) or XC 72R (powder). The morphological difference between the two has been
examined previously to determine if it has any impact on electrocatalyst performance. Both
carbons were prepared using an ethylene glycol solution as a solvent and broken-down using
ultrasound. Using transmission electron microscopy (TEM) it was determined that the carbon
particles were more homogenously distributed for XC 72 compared to XC 72R and had better
conductivity [28].
In a previous study, various loadings of Vulcan XC 72 carbon were compared to
determine the optimal amount for producing H2O2 while still allowing enough porosity for H2O2
to diffuse into the electrolyte [10]. It concluded that lower electrocatalyst loading correlates with
more efficient H2O2 production. In addition, different binding agent solutions were tested to
make electrocatalyst ink. Nafion used as an ion exchange membrane in electrochemical cells as
well, facilitating proton transfer from anode to cathode. It is also used as a binding agent and
ionomer for electrocatalysts to increase the conductivity of the electrocatalyst layer [8]. For
electrocatalyst binding, its solution is comprised of a proprietary blend of propanol, ethanol, and
5% w/w Nafion polymer. Nafion is composed of a perfluorinated vinyl ether comonomer
copolymerized with tetrafluoroethylene and can come in sulfonate and carboxylate forms. The
sulfonate version is utilized for fuel cells since it is more acidic [29]. Nafion and 70% ethanol
solutions at various mass loadings of Vulcan XC 72 were also compared to determine which
binding agent would produce more H2O2. Nafion was found to produce lower H2O2 due to its
negatively charged sulfonic groups (SO3-) causing mass resistance to the transport of the anionic
form of H2O2, hyderoperoxide (HO2-). This accumulation of HO2- on the electrocatalyst layer
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allowed for degradation prior to diffusing out into the bulk liquid, resulting in lower H2O2 in the
electrolyte. However, Vulcan XC 72 was not compared to any other carbon electrocatalyst and
binding agents were only tested with or without Nafion, not concluding if an optimal balance of
reducing the amount of Nafion in a mixture with ethanol would be better [10]. My study
expanded upon previous work and compared not only different carbon types to Vulcan XC 72,
but also with different solutions of binding agent to determine the best electrocatalyst ink
composition for H2O2 production.
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3.0 OBJECTIVES
This thesis addressed further questions from previous work comparing 70% ethanol and Nafion
binding agent solutions on Vulcan XC 72 described above [10]. Objectives were made to answer
the question “How does the change in carbon electrocatalyst and binding agent composition
affect cathode structure and H2O2 production?”
The objectives of the thesis were:
1. Determine the effect of electrocatalyst type on H2O2 production.
Cathodes loaded with Vulcan XC 72, Vulcan XC 72R, Ketjen Black EC300J, and Printex
L6 carbon types at the same 1.5 mg/cm2 loading and 5% Nafion solution binding agent
loading (0.465 mg Nafion/mg C loading) were tested for CCE at a constant current.
Current densities of 1.0 and 9.0 mA/cm2 were applied, and H2O2 concentration was
measured over time. Based on previous research indicating that Vulcan XC 72 would be
more optimal for energy producing fuel cells compared to Printex L6, it is hypothesized
that Printex L6 will outperform Vulcan XC 72 [27], and that Ketjen EC300J and Vulcan
XC 72R will have similar performance to Vulcan XC 72 since XC 72R is the powder
form of XC 72.
2. Determine the effect of Nafion loading as a binding agent on H2O2 production
Once the carbon electrocatalyst’s performance was compared under conditions outlined
in objective 1, Printex L6 was compared to Vulcan XC 72 with changes to the amount of
Nafion used in the binding agent solution. 0.465 mg Nafion/mg C, 0.233 mg Nafion/mg
C (5% Nafion dispersion:100% ethanol in a 1:1 ratio), and 0 mg Nafion/mg C (100%
ethanol) binding agent solutions were tested. Additionally, 0.5 mA/cm2 current density
was tested for these conditions based on results. It is hypothesized that as the amount of
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Nafion used in the binding agent solution decreases, the H2O2 production efficiency will
increase for the carbon types tested due to mass transport limitations of H2O2 through the
electrocatalyst layer.
3. Determine the relationship between electrocatalyst type and porosity
All cathodes in the study were examined using a NB5000 focused ion beam (FIB)scanning electron microscope (SEM). Images were processed to determine relative
porosity of the cathode structures using Python.
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4.0 MATERIALS AND METHODS
4.1 Electrochemical Cell
Two identical electrochemical cells were constructed using 10 x 10 cm plexiglass frames to
contain the anode and cathode chambers, as shown in Figure 2. The dimensions for the anode
and cathode chambers were 5 x 5 x 1.3 cm and 5 x 5 x 0.6 cm respectively. Since CCE is
influenced by the volume of electrolyte in the cell, volume was measured in the cathode
chambers for each experiment. Silicone gaskets were placed between every component in the
cell to ensure no leaks occurred during the experiments. To facilitate ion exchange between the
chambers while maintaining separation of the electrolyte solutions, a Chemours Nafion cation
exchange membrane (CEM) was placed in between them and sealed by gaskets. Nafion was
selected specifically due to degradation resistance to electrolyte solution with and without H2O2.
A CEM was selected over an anion exchange membrane (AEM) also due to better measured
degradation resistance likely due to the ability of the CEM negatively charged sites to repel HO2ions from the membrane [3]. The anode consisted of a woven carbon cloth with a thin strip
extending out of the cell for current transfer. The dimensions of the cloth strip and square in the
chamber varied, but care was taken to ensure the anode was not large enough to touch the screws
holding the cell together since this would cause short circuiting. Additionally, making too small
of an anode strip would result in more frequent tearing of the cloth once connected to the gator
clip for the anode (Figure A-1). The cathode consisted of a 10 x 10 cm stainless steel plate as the
current collector with a 25 cm2 square cutout in the center for the O2 diffusion. The cathode was
a GDE consisting of a 7 x 7 cm ELAT 2400 carbon cloth with hydrophobic MPLs on each side
to ensure no electrolyte solution could leave the cathode chamber while allowing diffusion of O2
inside for reduction to H2O2. Carbon electrocatalyst was applied on the MPL facing the inside of
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the cathode chamber. To hold the cathode and other components together with a tight seal, eight
screws were inserted through holes in the plates and gaskets and tightened with wingnuts.

Figure 2. Electrochemical cell components [4].
The electrolyte was 100 mM phosphate buffer solution (PBS) which consisted of 32 mM
sodium phosphate dibasic anhydrous (Na2HPO4) and 68 mM of sodium phosphate monobasic
monohydrate (NaH2PO4·H2O), with pH ranging from 6.52-6.71 for the duration of the
experiments. Two holes were drilled at the top of both chambers. For the anode, one hole was
used for placement of the RE-5B Ag/AgCl reference electrode from Bioanalytical Systems, Inc.
and the other to pump in electrolyte solution to fill the chamber. For the cathode, both holes were
used for the recirculation line that ran at a previously established optimal flow rate of 60 ml/min
using a Fisher Scientific FH100M peristaltic pump [9]. A BioLogic VMP3 Multi-Channel
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Potentiostat was used to apply current with connections to one of the wingnuts for the cathode,
the carbon cloth strip for the anode, and the reference electrode shown in Figure A-1.

4.2 Electrocatalyst Ink Preparation
Each electrocatalyst was prepared in a sterile scintillation vial. Loadings were the same
for all electrocatalysts at 1.5 mg/cm2. DDI (1 mL) and 5 mL of Nafion dispersion (Fuel Cell
Store, 5% w/w) were added to 500 mg of carbon powder for a loading of 0.465 mg Nafion/mg C
based upon the density of Nafion at 0.93 g/cm3 [30]. To ensure adequate mixing and breakdown
of the carbon to its smallest particle size, the inks were placed in a sonicator for 30 minutes and a
mixing plate for 24 hours. Four carbon electrocatalysts were tested: Vulcan Carbon XC 72,
Vulcan Carbon XC 72R, Ketjen Black EC300J, and Printex L6. Ketjen Black ink was made
using 4 mL of DDI as the ink was initially too thick to be effectively applied to the cathode.
After initial testing, the binding agent composition was altered to examine the effect of reducing
the amount of Nafion used. Printex L6 and Vulcan XC 72 were selected for further testing, and
two more sets of electrocatalyst inks were made. The first was a 0.2325 mg Nafion/mg C n (2.5
mL of Nafion solution with 2.5 mL of 100% ethanol) and the second was 0 mg Nafion/mg C (5
mL of 100% ethanol). DDI (5.0 mL) was used for Printex L6 0 mg Nafion/mg C due to the high
evaporation rate of ethanol. Physical characteristics of all carbons used are compared in Table
B-1.
4.3 Cathode Preparation
ELAT 2400 Carbon cloth was cut into 7 x 7 cm squares. For each carbon and ink
composition, three cloths were cut: two for H2O2 production experiments and one for SEM
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analysis of the cathode structure. For each cloth, carbon electrocatalyst ink was evenly deposited
using a paintbrush in a 6 x 6 cm square equivalent to ensure coverage on the 5 x 5 cm exposure
area to the cathode chamber. For a standard loading of 1.5 mg/cm2(i.e., 54 mg of carbon loaded
to a 6 x 6 cm area), a sufficient volume was applied to the middle of the cathode and painted
based upon the volume of the ink made and its resulting density (0.648 mL for 6 mL solution,
0.972 mL for 9 mL solution for Ketjen Black EC300J, 1.08 mL for 10 mL Printex L6 0 mg
Nafion/mg C). The ink was left to dry on the cathode cloth for 24 hours before use.
4.4 J-V Curves for Different GDEs
To compare different carbons and their ink compositions for the energy efficiency of the
2-e- ORR to proceed, the final potentials from each H2O2 experiment were collected and
measured to verify their overpotentials. In an electrochemical cell, there is an ohmic drop
observed between the working electrode and reference electrode in solution. Using a BioLogic
VMP3 Potentiostat, the current interrupt (CI) technique was applied to measure ohmic drop,
which allowed for the correct measured potential of the GDE. The activation energy required for
the 2-e- ORR to proceed is 0.28 V [31]. Past that, excess energy is not needed and the higher the
overpotential, the less energy efficient the cathode.
4.5 H2O2 Production Experiments
After LSVs were completed on the cathode, H2O2 production experiments began
immediately after. Initially, 1 mA/cm2 and 9 mA/cm2 current densities were tested on the four
carbon types using a 0.465 mg Nafion/mg C Nafion loading as the binding agent. The current
density calculated was applied for only the 5 x 5 cm2 portion of the cathode exposed to the
cathode chamber (9 mA/cm2 is effectively 225 mA applied, 1 mA/cm2 is 25 mA applied, etc.).
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For 1 mA/cm2 experiments, samples were taken every 20 minutes for a 2-hour experiment
duration. For 9 mA/cm2 experiments, samples were taken every 5 minutes for a 30-minute
duration. Printex L6 and Vulcan XC 72 were later selected and tested at 0.5 mA/cm2 at a 2-hour
duration. Two experiments were performed for each cathode, making four experiments total per
experiment. Standard error was calculated by taking the standard deviation and dividing by the
square root of the number of experiments. Samples were taken by turning off the pump,
removing the recirculation line, and turning it on again at a slower rate to get at least 0.2 mL. All
sample volumes were recorded since removing effective electrolyte volume over time would
have an impact on H2O2 concentration and hydraulic retention time (HRT). The samples were
placed in microcentrifuge tubes and taken for measurement of H2O2 concentration using a VWR
UV-1600PC spectrophotometer once the experiment was completed. A sample size of 0.1 mL
was taken from each microcentrifuge tube and placed into a 2 mL cuvette with 0.9 mL DDI and
1 mL of titanium (IV) oxysulfate-sulfuric acid solution and given at least 10 minutes to react.
After the reaction was completed, cuvettes were wiped down and measured in the
spectrophotometer for absorbance readings at a 405 nm wavelength. To accurately measure the
H2O2 concentration on an absolute basis, a standard curve was created each time a new titanium
(IV) oxysulfate reagent was opened. Known concentrations of H2O2 were diluted down from a
known standard reagent (30% H2O2 w/w) and run through the spectrophotometer for the
equivalent absorbance readings. The titanium (IV) oxysulfate-sulfuric acid reagent protonated
any hyderoperoxide anions (HO2-) present in solution based on the pka for H2O2 of 11.8, where
pH reached above that for 9 mA/cm2 experiments for accurate measurement of H2O2. The
standard curve established can be found below in Figure 3. pH values for both cathode and
anode chambers were recorded using a Thermo Scientific Orion STAR A211 pH meter to
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confirm the effective separation of the chambers by the CEM and to gather data on pH change
due to different current densities applied and electrocatalysts used.
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Figure 3. Titanium (IV) oxysulfate-sulfuric acid standard curve for H2O2.

4.5 FIB-SEM and Image Analysis Using Python
To analyze the pore structure of the different cathode structures, an NB-5000 focused ion
beam scanning electron microscope (FIB-SEM) was used on cathodes created for
characterization. The FIB used the Mill and Monitor function to slice a cross section into a
sample, image the cross-section face, remove another slice of the material, image the resulting
face again, and repeat. This was repeated hundreds of times to produce a dataset of 2-D images
that were read in and analyzed in Python implementing PIL (Python Imaging Library), OpenCV
(Computer Vision), NumPy, and Pandas libraries. This method of image analysis was
implemented in concurrence with similar image analysis methods in order to analyze the pore
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structure in detail [11, 32, 33]. In order to compare the porosity of different cathodes to each
other, grayscale images taken from the FIB-SEM were converted to black and white using a
threshold setting of 75 with the img.point function shown in Figure 4.

Figure 4. Greyscale image conversion to black and white(bw). 0 is the point for black pixels and
255 is the point value for white.
A two-solution verification was used to determine accurate picture analysis and that each pixel
was being counted in the picture with the functions implemented. First, picture dimensions for
the TIF images were confirmed to be 1280 x 960 pixels using the img.shape function to make for
a total of 1,228,800 pixels. One method counted the total pixels and subtracted the white pixels,
and the other took a count of the number of black pixels in the picture. The number of black
pixels would make the porosity score of the slice. Both methods were confirmed to produce the
same solution, shown in Figure 5.
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Figure 5. Two-solution verification for pixel analysis.
The images were also cropped to exclude the bottom of the picture with system measurements,
as they would also contribute to the pixel count if included. This was done by making a pixel
array of 1280 x 897 from the original array of 1280 x 960. Figure 6 shows before and after of
image processing.

Figure 6. Pictures of: (a) original grayscale image and (b) image after black-white
conversion and cropping displayed with the cv2.imshow function.
Using the FIB-SEM imaging, there was an observed change in porosity score due to the
segmentation values from the FIB-SEM highlighting different features. Since the FIB-SEM
changed the lighting of the images as it progressed along the cathode, using a constant threshold
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would not encapsulate the true porosity of the data as the lighting changed. A graph of the
porosity score array in Python with a constant threshold is shown in Figure 7. The result of
applying a constant threshold to the 100th image of this dataset is shown in Figure A-5.

Figure 7. Plot of porosity percentage in Vulcan XC 72 0.465 mg Nafion/mg C cathode using a
constant threshold setting of 75.

To incorporate the darker images into the analysis, an adaptive threshold was implemented that
would change based on surrounding pixels in the images. The parameters for the adaptive
threshold are displayed in Figure 8.

Figure 8. Adaptive threshold function and parameters used in analysis.
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Applying an adaptive threshold resulted in much more consistent porosity score and controlled
for the variable lighting conditions imaged by the FIB-SEM as displayed in Figure 9. The 100th
image of the dataset with an adaptive threshold applied is displayed in Figure 10.

Figure 9. Vulcan XC 72 0.465 mg Nafion/mg C image set with an adaptive threshold applied.

Figure 10. 100th image of Vulcan XC 72 0.465 mg Nafion/mg C dataset in (a) original greyscale
and (b) with adaptive thresholding applied.
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The loss in black pixels at the bottom of Figure 10-B should be noted. This loss is due to the
block size parameter in the adaptive threshold, which determines the number of pixels applied
for the formula used to set a threshold and determine if the pixel will be black or white. A block
size of 181 will account for smaller pores with better definition, while a block size of 881
accounted for macropores present in other image sets. The porosities of the electrocatalyst image
sets changed on an absolute basis but did not change relative to each other when a block size of
181 was tested. While either block size value could have been used since this was a relative
comparison, 881 was chosen to correctly account for macropores. The porosity percentage
datasets generated from the images were analyzed using the Pandas library. Average porosity
and standard error were determined and then plotted in Excel. To determine meaningful porosity
variability between cathodes, two separately painted Vulcan XC 72 0.465 mg Nafion/mg C
cathodes were analyzed as well as two image sets generated off different areas on the same
Ketjen Black 0.465 mg Nafion/mg C cathode.
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Table 1. H2O2 production experiments by section.
Table 1 serves as a guide for the following results and discussion section. Section numbers provided are how experimental results are
discussed in Chapter 5. For example, section 5.2.2 provides results for the H2O2 experiments investigating the effect of Nafion loading
at 0.465 mg Nafion/mg C, 0.233 mg Nafion/mg C, and 0 mg Nafion/mg C for Vulcan XC 72 carbon electrocatalyst at a current
density of 9 mA/cm2.
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5.0 RESULTS AND DISCUSSION

5.1 Electrocatalyst Comparison with 0.465 mg Nafion/mg C Loading
5.1.1 Performance Comparison at 1 mA/cm2 Current Density
At a 1 mA/cm2 current density, Printex L6, Vulcan XC 72, and Vulcan XC 72R produced
similar H2O2 concentrations, with Ketjen Black slightly lower, as shown in Figure 11. Vulcan
XC 72 and Vulcan XC 72R were expected to achieve similar results since they are the same
carbon type in pellet (XC 72) and powder (XC 72R) form. These results help support the
sonication and mixing steps used in the preparation and breakdown of the carbon electrocatalysts
prior to cathode loading. While all electrocatalysts except Ketjen Black had similar production
rates within standard error, H2O2 production with Printex L6 was higher on average. This
concurred with a previous study indicating that Printex L6 is a better electrocatalyst for the 2-eORR reaction and achieved higher H2O2 production while Vulcan XC 72 transferred more
electrons, making it more optimal for energy producing cells[27]. Between the four
electrocatalysts, there was not a major difference between overpotentials for Printex L6 and
Vulcan XC 72R at 1 mA/cm2 as shown in Figure 12. Printex L6 was the least energy efficient
and had a significantly higher overpotential compared to Vulcan XC 72 and Ketjen Black. There
is a direct relationship at 1 mA/cm2 between the highest production and CE values in Figure 11
and the higher overpotentials observed in Figure 12, suggesting that while Printex L6 and XC
72R had higher production and CE, the energy required to produce H2O2 was higher as well.
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Figure 11. (a) H2O2 concentration and (b) coulombic efficiencies for four carbon
electrocatalysts using 0.465 mg Nafion/mg C loading at 1 mA/cm2 current density. Error bars
represent standard error for quadruplicate trials.
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Figure 12. Overpotentials for different carbon electrocatalysts at 1 mA/cm2. Error bars represent
standard error for quadruplicate experiments.
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5.1.2 Performance Comparison at 9 mA/cm2 Current Density
At a 9 mA/cm2 current density, Vulcan XC 72, Vulcan XC 72R, and Ketjen Black
outperformed Printex L6 with the highest final H2O2 concentrations, seen in Figure 13. Ketjen
Black had a significant drop in CE in the middle of the experiments, indicating the potential for a
shift in electron transfer from 2-e- ORR to a 4-e- ORR. This reaction results in a higher
production of OH- than the 2-e- ORR assumed in calculation of CCE. Support for transfer to the
4-e- ORR is shown based upon the average pH of the Ketjen Black cathodes after the experiment
was completed at 10.71, compared to pH values of Printex L6, Vulcan XC 72, and Vulcan XC
72R at 10.17, 9.00, and 9.78, respectively. The most interesting observation in performance is
Printex L6, which performed the worst of the four carbons at 9 mA/cm2. This was a stark
reversal from it having the highest H2O2 production at 1 mA/cm2 in Figure 11, indicating that
current density has an impact on performance between the different carbon types. This may
indicate that each carbon has a specific electron affinity for H2O2 production with respect to
current on the carbon surface, where excess current applied will be increasingly neglected in the
2-e- ORR. Since Printex L6 performance had such a high variance with 0.465 mg Nafion/mg C
loading as well as being the cheapest cost, it was selected to compare to Vulcan XC 72 for
further analysis with changes in binding agent composition.
Between the four electrocatalysts, there was not a major difference between overpotential
for 9 mA/cm2 experiments, shown in Figure 14. Of the electrocatalysts, Vulcan XC 72R
exhibited the lowest overpotential at 9 mA/cm2, which was a significant difference between
Vulcan XC 72 at the same current density. This implies that while Vulcan XC 72R may
ultimately produce the same H2O2 concentrations and have the same CCE as Vulcan XC 72 at
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9mA/cm2 in Figure 13, the energy required to produce it may be less due to reduced
overpotential at 9 mA/cm2.

43

Figure 13. (a) H2O2 concentration and (b) coulombic efficiencies for four carbon
electrocatalysts using 0.465 mg Nafion/mg C loading at 9 mA/cm2 current density. Error bars
represent standard error for quadruplicate experiments.
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Figure 14. Overpotentials for different carbon electrocatalysts at 9 mA/cm2. Error bars represent
standard error for quadruplicate experiments.
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5.1.3 Performance Comparison at 0.5 mA/cm2 Current Density
Printex L6 produced the highest average H2O2 concentration compared to the other
electrocatalysts, reaching a final concentration of 226.1 mg H2O2/L as shown in Figure 15. This
performance is amplified from what was observed at 1 mA/cm2 in Figure 11, where Printex L6
produced the highest average but the difference between the different electrocatalysts was within
standard error. This indicates that current density has a different effect on H2O2 production
depending on the electrocatalyst. The overpotentials observed in Figure 16 correlated with the
H2O2 produced, where the highest performing cathodes were also the most inefficient. While
Ketjen Black had the lowest overpotential, the H2O2 produced stagnated at the end of the
experiments. This indicates that Nafion could hinder performance for certain electrocatalysts
depending on the current density applied. Since the potential for the 2-e- ORR is met for Ketjen
Black, Nafion is likely playing a role at stagnating the H2O2 production relative to the other
electrocatalysts.
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Figure 15. (a) H2O2 concentration and (b) coulombic efficiencies for four carbon
electrocatalysts using 0.465 mg Nafion/mg C loading at 0.5 mA/cm2 current density. Error bars
represent standard error for quadruplicate experiments.
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Figure 16. Overpotentials for different carbon electrocatalysts at 0.5 mA/cm2. Error bars
represent standard error for quadruplicate experiments.

48

5.2 The Effect of Reducing Nafion Binder on Vulcan XC 72 Electrocatalyst
5.2.1 Performance Comparison at 1 mA/cm2 Current Density
At a 1 mA/cm2 current density, 0.233 mg Nafion/mg C outperformed versus no Nafion at
all and the standard 0.465 mg Nafion/mg C loading, shown in Figure 17. This suggests that there
is an optimal amount of Nafion that can be used to maximize performance of the cathode. 0 mg
Nafion/mg C also outperformed 0.465 mg Nafion/mg C, which concurs with a previous study
which showed increased performance of 70% ethanol compared to 0.465 mg Nafion/mg C [10].
It was posited that the presence of Nafion on the GDE would produce lower H2O2 due to its
negatively charged sulfonic groups (SO3-) causing mass transport resistance to the anionic form
of H2O2, hydroperoxide (HO2-). This accumulation of HO2- on the electrocatalyst layer allowed
for degradation instead of diffusing out into the bulk liquid, resulting in lower H2O2 in the
electrolyte. However, it may be that reducing the amount of Nafion allows reduction of the mass
transport resistance of HO2- while still providing enough of a coating to allow a more effective
and stable binding of the electrocatalyst to the cathode. It is likely a threshold exists for sufficient
mass transport of HO2- without any deleterious effects from Nafion while still providing a
significant binding effect. 0.233 mg Nafion/mg C had the highest overpotential, followed by
0.465 mg Nafion/mg C and 0 mg Nafion/mg C, observed in Figure 18. This suggests that the
most energy efficient production of H2O2 is likely 0 mg Nafion/mg C, even though it produced
less compared to 0.233 mg Nafion/mg C. Taking into account the financial cost beyond the
energy efficiency, removing Nafion altogether significantly reduces the material cost to create
the cathodes, shown in Appendix C.

49

Figure 17. (a) H2O2 concentrations and (b) CE of Vulcan XC 72 with 0.465 mg Nafion/mg C,
0.233 mg Nafion/mg C, and 0 mg Nafion/mg C at 1 mA/cm2. Error bars represent standard error
for quadruplicate experiments.
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Figure 18. Overpotentials of Vulcan XC 72 with reducing amounts of Nafion at 1 mA/cm2.
Error bars represent standard error for quadruplicate experiments.
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5.2.2 Performance Comparison 9 mA/cm2 Current Density
As the current density was increased from 1 mA/cm2 to 9 mA/cm2, the effect of reducing
Nafion in the binding agent solution with Vulcan XC 72 was minimized between the three
amounts tested, as shown in Figure 19. It could be that the increased current density caused
sufficient H2O2 production to reduce the scale in which Nafion impacts production of H2O2 by
causing mass transfer resistance of HO2-. The limitation on production could now be influenced
by other physical factors like electrocatalyst selection and its impact on the porosity of the
cathode. To determine if the effect of Nafion observed in Figure 17 could be amplified at lower
current densities, Vulcan XC 72 was tested at 0.5 mA/cm2. 0.465 mg Nafion/mg C had a
significantly higher overpotential observed in Figure 20, suggesting that the energy efficiency
due to Nafion decreases with an increase in current density. This is also illustrated by the fact
that with both 1 mA/cm2 in Figure 18 and 9 mA/cm2 in Figure 20 the Vulcan XC 72 cathode
with 0 mg Nafion/mg C has the lowest overpotential.
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Figure 19. (a) H2O2 concentrations and (b) CE of Vulcan XC 72 with 0.465 mg Nafion/mg C,
0.233 mg Nafion/mg C, and 0 mg Nafion/mg C at 9 mA/cm2. Error bars represent standard error
for quadruplicate experiments.
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Figure 20. Overpotentials of Vulcan XC 72 with reducing amounts of Nafion at 9 mA/cm2.
Error bars represent standard error for quadruplicate experiments.
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5.2.3 Performance Comparison at 0.5 mA/cm2 Current Density
The effect of Nafion at 0.5 mA/cm2 in Figure 21 is magnified from what was observed in
Figure 17, where the Vulcan XC 72 cathode bound with 2.5 % Nafion produced more H2O2 than
the cathodes bound with 0.465 mg Nafion/mg C and 0 mg Nafion/mg C. There is an observed
crossover between 0.465 mg Nafion/mg C and 0 mg Nafion/mg C CE, where the CE drops
quickly for 0.465 mg Nafion/mg C and continues to decrease through the duration of the
experiments. This points to the potential degradation effect of Nafion on HO2- trapping in the
cathode at lower current densities, where less electrons are effectively utilized. The CE for 0 mg
Nafion/mg C increased steadily along with 0.465 mg Nafion/mg C, and a negative slope
commonly observed in CE was never realized. If the duration of the experiment were extended,
the difference between 0.465 mg Nafion/mg C and the other two would likely increase further. In
terms of production, the observed standard error between using both 0.465 mg Nafion/mg C and
0.233 mg Nafion/mg C was significantly better than 0 mg Nafion/mg C, with a final standard
errors at ±9.39, ±8.90, and ±25.40 mg H2O2/L for 0.465 mg Nafion/mg C, 0.233 mg Nafion/mg
C, and 0 mg Nafion/mg C, respectively. This increased consistency could be due to the
effectiveness of Nafion consistently binding the carbon electrocatalyst to the cathode, where
using no Nafion may increase the variability of performance over time at very low current
densities. This variability is also observed in the overpotential of 0 mg Nafion/mg C, observed in
Figure 22. The effect of Nafion on overpotential is likely dependent upon the current density
applied, as 0 mg Nafion/mg C had the highest overpotential in both 1 mA/cm2 and 9 mA/cm2
experiments but was significantly less efficient at 0.5 mA/cm2.
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Figure 21. (a) H2O2 concentrations and (b) CE of Vulcan XC 72 with 0.465 mg Nafion/mg C,
0.233 mg Nafion/mg C, and 0 mg Nafion/mg C at 0.5 mA/cm2. Error bars represent standard
error for quadruplicate experiments.
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Figure 22. Overpotentials of Vulcan XC 72 with reducing amounts of Nafion at 0.5 mA/cm2.
Error bars represent standard error for quadruplicate experiments.

57

5.3 The Effect of Reducing Nafion Binder on Printex L6 Electrocatalyst
5.3.1 Performance Comparison at 1 mA/cm2 Current Density
The removal of Nafion solution used as the binding agent improved the production of
H2O2 for Printex L6 carbon at 1 mA/cm2, as observed in Figure 23. The difference between the
0.465 mg Nafion/mg C and 0.233 mg Nafion/mg C Printex L6 cathodes is negligible and inside
of standard error, with the final H2O2 concentrations and standard errors of 0.465 mg Nafion/mg
C and 0.233 mg Nafion/mg C at 664.8 ± 51.60 mg H2O2/L and 747.7 ± 45.51, respectively. The
H2O2 produced from the Printex L6 cathode with no Nafion was significantly higher at 1,317 mg
H2O2/L. Based on this result, Printex L6 was tested again to see if the difference between 0.465
mg Nafion/mg C and 0.233 mg Nafion/mg C cathodes would be magnified at 0.5 mA/cm2. The
effectiveness of Nafion as a binding agent for Printex L6 is in stark contrast to the Vulcan XC 72
cathodes in Figure 17, where Vulcan XC 72 bound with 0.233 mg Nafion/mg C performed
better than Vulcan XC 72 bound with 0 mg Nafion/mg C. This suggests that the optimal binding
agent composition is dependent upon the type of electrocatalyst used. Additionally, the amount
of Nafion has an observed impact on the overpotential of Printex L6 at 1 mA/cm2 in Figure 24.
While the difference is within standard error between the two Nafion loadings, the 0.233 mg
Nafion/mg C is lower than 0.465 mg Nafion/mg C and the 0 mg Nafion/mg C has a lower
overpotential than both.
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Figure 23. (a) H2O2 concentrations and (b) CE of Printex L6 with 0.465 mg Nafion/mg C, 0.233
mg Nafion/mg C, and 0 mg Nafion/mg C at 1 mA/cm2. Error bars represent standard error for
quadruplicate experiments.
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Figure 24. Overpotentials of Printex L6 with reducing amounts of Nafion at 1 mA/cm2. Error
bars represent standard error for quadruplicate experiments.
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5.3.2 Performance Comparison at 9 mA/cm2 Current Density
There was no difference on the effect of Nafion on Printex L6 at 9 mA/cm2, shown in
Figure 25. This suggests a current density dependent impact on the effect Nafion has on H2O2
production, which was the same trend observed for Vulcan XC 72 at the same current density in
Figure 19. When comparing the best performers from Printex L6 and Vulcan XC 72 in those
figures, Printex L6 0.233 mg Nafion/mg C produced 2075±120 mg H2O2/L and Vulcan XC 72
0.465 mg Nafion/mg C produced 2218±69 mg H2O2/L, which is within standard error. However,
the material cost difference between both electrocatalyst selection and binding agent solution is
important to consider, shown in Appendix C. The best performer for Printex L6 shifted to 0.233
mg Nafion/mg C in Figure 25 from 0 mg Nafion/mg C at a lower 1 mA/cm2 current density
observed in Figure 23, potentially suggesting a current density dependent shift in effectiveness
Nafion. To observe if the effect of Nafion at 1 mA/cm2 was amplified at lower current densities,
Printex L6 was tested at 0.5 mA/cm2 as well. 0 mg Nafion/mg C is still more energy efficient at
9 mA/cm2 with a lower overpotential in Figure 26, but the difference is less than what was
observed at 1 mA/cm2.
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Figure 25. (a) H2O2 concentrations and (b) CE of Printex L6 with 0.465 mg Nafion/mg C, 0.233
mg Nafion/mg C, and 0 mg Nafion/mg C at 9 mA/cm2. Error bars represent standard error for
quadruplicate experiments.

62

Figure 26. Overpotentials of Printex L6 with reducing amounts of Nafion at 9 mA/cm2. Error
bars represent standard error for quadruplicate experiments.
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5.3.3 Performance Comparison at 0.5 mA/cm2 Current Density
There is a direct positive relationship between the reduction of Nafion in the binding
agent solution and the increase in performance of Printex L6 at 0.5 mA/cm2, observed in Figure
27. This confirms that the trend observed at 1 mA/cm2 in Figure 23 is magnified with reduction
in current density. One interesting trend is the standard error between the three binding agent
compositions, where 0 mg Nafion/mg C had a final standard error of ±34.2 mg H2O2/L compared
to 0.233 mg Nafion/mg C and 0.465 mg Nafion/mg C at ±14.1 and ±10.8 mg H2O2/L,
respectively. This trend between the variability of performance at lower current density with the
reduction of Nafion is also observed in Vulcan XC 72 with Figure 21. While standard error will
likely increase with an increase in production, Vulcan XC 72 with 0 mg Nafion/mg C was not
the best performer at 0.5 mA/cm2, and yet the same trend is observed. This suggests that while
the use of Nafion may not result in the best performance, it may have a stabilizing effect on the
cathode to perform more consistently. There was no meaningful difference in overpotentials due
to the effect of Nafion with Printex L6 at 0.5 mA/cm2, observed in Figure 28.
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Figure 27. (a) H2O2 concentrations and (b) CE of Printex L6 with 0.465 mg Nafion/mg C, 0.233
mg Nafion/mg C, and 0 mg Nafion/mg C at 0.5 mA/cm2. Error bars represent standard error for
quadruplicate experiments.
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Figure 28. Overpotentials of Printex L6 with reducing amounts of Nafion at 0.5 mA/cm2. Error
bars represent standard error for quadruplicate experiments.
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5.4 Porosity Analysis of the Cathode Structures
5.4.1 Comparison Between Two Different Vulcan XC 72 Cathodes with Vulcan XC 72R
Vulcan XC 72 showed a low variability in porosity between two separately painted cathodes, as
shown in Figure 29. Vulcan XC 72R had a porosity in between the two Vulcan XC 72 cathodes
analyzed, indicating that the difference between pellet and powder forms of Vulcan carbon are
negligible after sonication, mixing with a binding agent, and application onto the cathode.

Figure 29. Porosity percentages of Vulcan XC 72 and Vulcan XC 72R. Error bars represent
standard error for the number of slices imaged by the FIB-SEM. From left to right the number of
slices imaged were 346, 338, and 442.
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5.4.2 Porosity of Ketjen Black
Ketjen Black did not have a major difference in porosity from Vulcan XC 72, as observed in
Figure 30. This indicates that the poor performance of Ketjen Black relative to the other
electrocatalysts at the different current densities tested was not due to mass transfer limitations
caused by poor porosity of the cathode. Additionally, the same Ketjen Black cathode was imaged
in two different places. The difference between the two image sets of Ketjen Black was similar
to the negligible porosity difference observed between the two different Vulcan XC 72 cathodes.

Figure 30. Porosity percentages of Vulcan XC 72 and Ketjen Black. Error bars represent
standard error for the number of slices imaged by the FIB-SEM. From left to right the number of
slices imaged were 346, 338, 113, and 200.
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5.4.3 The Effect of Reducing Nafion on Cathode Porosity
Nafion did not appear to have a major impact on porosity, as observed in Figure 31. Vulcan XC
72 0 mg Nafion/mg C had a slightly higher porosity but was within the variable range observed
between making different Vulcan XC 72 cathodes. Printex L6 0 mg Nafion/mg C also had no
difference in porosity between Vulcan XC 72 0.465 mg Nafion/mg C. While Printex L6
produced the most H2O2 at 0.5 and 1 mA/cm2 current densitites, the porosity of Printex L6
relative to the other electrocatalysts was not the cause for improved performance. It could be
possible that the Nafion coating on the cathode did not show up in the images from the FIB-SEM
since it is translucent. Fluorescent dye marking of Nafion could potentially reveal aspects of the
Nafion bound to the cathode that cannot be seen using the current method.

Figure 31. Porosity percentages of Vulcan XC 72 and Printex L6. Error bars represent standard
error for the number of slices imaged by the FIB-SEM. From left to right the number of slices
imaged were 346, 338, 91, and 452.
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Vulcan XC 72

Printex L6

Vulcan XC 72R

Ketjen Black

0.465

0.233

0

0.465

0.233

0

0.465

0.465

0.5 mA/cm2

113.4

292.5

192.4

226.0

357.2

489.5

84.5

44.9

1 mA/cm

2

607.7

963.9

783.9

664.8

747.7

1316.8

654.1

489.1

9 mA/cm

2

2217.5

2194.5

2114.0

1914.3

2075.2

1970.8

2248.9

2118.4

Table 2. Summary of results for final average H2O2 concentrations(mg/L) at all loadings and current densities tested. 0.465, 0.233,
and 0 refer to loadings of Nafion binding agent with the respective carbon electrocatalyst in mg Nafion/mg C.

Vulcan XC 72

Printex L6

Vulcan XC 72R

Ketjen Black

0.465

0.233

0

0.465

0.233

0

0.465

0.465

0.5 mA/cm2

cathode
anode

7.04
6.19

7.15
6.25

7.08
6.18

7.12
6.16

7.23
6.09

7.36
6.18

7.05
6.21

7.08
6.20

1 mA/cm2

cathode
anode

7.63
4.22

8.23
4.23

8.60
5.50

7.84
3.85

8.22
5.25

8.79
4.05

7.62
4.53

8.00
4.47

9 mA/cm2

cathode
anode

9.00
3.53

10.70
2.62

10.88
2.84

10.17
2.70

10.76
2.71

10.86
2.70

9.78
2.95

10.71
2.83

Table 3. Summary of results for final average pH values at all loadings and current densities tested. 0.465, 0.233, and 0 refer to
loadings of Nafion binding agent with the respective carbon electrocatalyst in mg Nafion/mg C. The average pH of the 0.1 M PBS
electrolyte used was 6.61.
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6.0 CONCLUSION
Overall, Printex L6 0 mg Nafion/mg C produced the most H2O2 at 1mA/cm2 and 0.5
mA/cm2, with the electrocatalysts relative performance between each other converging with an
increase in current density to 9 mA/cm2. This performance seemed to be independent of the
porosity, but dependent on the removal of Nafion with Printex L6.
Revisiting each objective:
1. Determine the effect of electrocatalyst type on H2O2 production.
When comparing the four electrocatalyst types, Vulcan XC 72 and Vulcan XC 72R had
similar observed performance, confirming that using the pelletized or powder form of the
carbon did not have a significant effect on production or CE. Printex L6 did outperform
the other carbon types for H2O2 production at 1 mA/cm2, but subsequently performed the
worst at 9 mA/cm2, indicating that carbon electrocatalyst type should be chosen based on
the current density applied on the cathode. Ketjen Black EC 300J performed poorly
relative to Vulcan XC 72 and Vulcan XC 72R at both 1 mA/cm2 and 9 mA/cm2, which
indicates that different carbon electrocatalysts respond differently in consistency of
performance based on current density applied.
2. Determine the effect of Nafion as a binding agent on H2O2 production
When testing the effect of Nafion reduction in the binding agent solution for Printex L6
and Vulcan XC 72, both carbon types demonstrated differences at 1 mA/cm2 that became
magnified with a reduction in current density in 0.5 mA/cm2. It appears that reducing the
amount of Nafion had a positive effect on H2O2 production, but the amount to be used
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differed based upon the electrocatalyst tested. For Printex L6 a complete removal of
Nafion produced the best H2O2 production at 1 mA/cm2 and 0.5 mA/cm2. For Vulcan XC
72, the best production achieved at those current densities was 0.233 mg Nafion/mg C.
Nafion was found to produce a negligible difference in H2O2 production for both carbon
types at 9 mA/cm2. Optimal binding agent composition is also dependent upon the
current density applied, as the effect of reducing Nafion was negligible for both
electrocatalysts at 9mA/cm2. This research has established that the amount of Nafion can
significantly impact performance depending on the current density applied and
electrocatalyst used.
3. Determine the relationship between electrocatalyst type and porosity
The porosity of the different electrocatalysts did not appear to have a major impact on the
production of H2O2, as all cathodes had similar porosity percentages. The form of Vulcan
Carbon implemented did not have an impact on porosity, indicating that the ink
preparation method used for the electrocatalysts successfully broke down the carbon
pellets in Vulcan XC 72 to a similar particle size observed in Vulcan XC 72R. Nafion
didn’t have an effect on cathode porosity either, though further testing with a means of
marking Nafion should be conducted to verify.
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7.0 FUTURE WORKS
One of the biggest factors hindering the widespread use of GDE’s for in situ H2O2 production is
a lack of understanding on what factors impact these electrodes over a long-time horizon.
Currently there are not any long-term studies that have been done with carbon electrocatalysts to
determine the effectiveness of H2O2 production over time. During the initial experiments for this
thesis, there was an observed penetration of electrolyte through the hydrophobic layers of Vulcan
XC 72, which prompted a remake of the cathodes to test again. This was observed by precipitate
formation on the air exposed side of the cathode, seen in Figure A-4. The results of this thesis
use the remade Vulcan XC 72 cathodes that were uncompromised. Cathode longevity could have
played a role in the outcomes of these experiments, as not all current densities were tested with
fresh cathodes each time. 0.5 mA/cm2 experiments were done last, and it can be observed that
the overpotential of Vulcan XC 72 with 0 mg Nafion/mg C increases significantly relative to
Nafion. In terms of cost effectiveness, Nafion is significantly more expensive than simply using
ethanol, as shown in appendix C. However, this cost analysis does not take into account how
robust the materials are when repeatedly used. In the event that the binding effect of Nafion
significantly improves long term performance of the cathode relative to using ethanol, it may be
worth the cost of using Nafion. Additionally, if Printex L6 needs frequent replacement due to
sloughing off the cathode surface, the cost of replacement can also impact its viability as an
effective electrocatalyst for widespread use. In order to improve feasibility of GDE’s as a
potential replacement to the AO process for in situ production, the long-term effectiveness of
producing H2O2 with respect to the materials used to create them must be studied.
One limiting factor in the experiments conducted was the method of Image analysis for
the cathode porosity. While the adaptive thresholding technique successfully rendered the
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grayscale images in the datasets to black and white in response to changing lighting conditions,
the mathematical formula applied did not fully encapsulate the hierarchical pore structures
observed across the cathode slice since the thresholding was set based upon surrounding pixels.
The block size of 881 was selected to account for macropores present that would not have been
accurately accounted for otherwise had a smaller block size parameter been used. Smaller block
size parameters were tested, and while the absolute porosity score changed, the relative
porosities between the different electrocatalysts did not. It would be useful to implement a neural
network modeled off the human eye to better account for the entire structure. While
implementing a neural network would not likely have resulted in a relative difference observed
in this study, establishing methods to calculate an accurate absolute porosity with electrocatalysts
should be established.
Additional methods of analysis can be developed by designing simulation software for
particle movement across the cathode. Since multiple 2-D images are taken of the cathode
structure, they can be stacked together to create a 3-D rendering of the cathode, as shown in
Figure 33. This was done by putting the images in an image array and stacking them using the
dstack function from the NumPy library.
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Figure 33. 3-D rendering of a Vulcan XC 72 cathode bound with 0.465 mg Nafion/mg C.
Dimensions were reduced due to hardware processing limitations.

By modeling a 3-D image of the cathode structure, the hierarchical pore structure can be
examined. Using object-oriented programming, particles can be given characteristics and
assigned movement parameters to travel through the cathode in simulations. While this study
found that the porosity differences were negligible by taking the average of a collection of slices,
the method of analysis did not consider the various channels created through the structure that
may make particle movement easier depending on the pathway through the cathode. By
incorporating particle simulations and analyzing the cathode structure in 3-D, a comprehensive
understanding porosity and its impact on H2O2 production can be obtained.
Now that the effect of Nafion on H2O2 production is better understood, other polymers
can be explored that may promote more beneficial ion exchange. Since Nafion hinders H2O2
production at a loading of 0.465 mg Nafion/mg C for both Printex L6 and Vulcan XC 72, an
aniomer may be more beneficial to facilitate the mass transfer of HO2- anions out into the bulk
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liquid, thus increasing H2O2 produced. AS-4 is an anionomer that has shown promise in alkaline
systems while also being able to influence selectivity for the 2 or 4-e- ORR depending on the
loading used with silver as the electrocatalyst [34]. By testing these carbon electrocatalysts with
an anionomer as the binding agent instead of a cationomer like Nafion, the H2O2 production rate
may be increased substantially once an optimal loading is determined.
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APPENDICES
Appendix A- Pictures of experiment components and materials

Figure A-1. Electrochemical cells used for H2O2 production experiments with electrode
connections for the cathode(red), anode(blue) and reference electrode(white).
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Figure A-2. Cuvettes with titanium (IV) oxysulfate reagent reacting with H2O2 samples for a 9
mA/cm2 experiment. Concentration of H2O2 is increasing from left to right corresponding with
the time the samples were taken written on the microcentrifuge tubes. 1 or 2 written on leftmost
microcentrifuge tube to designate samples for cathode 1 or 2.
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Figure A-3. Four carbon electrocatalysts tested in experiments. From left to right: Vulcan XC
72, Vulcan XC 72R, Ketjen Black EC 300J, and Printex L6.
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Figure A-4. Picture of Vulcan XC 72 cathode with water penetration through the PTFE layers.
Precipitate formation likely from electrolyte solution used in experiments.
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Figure A-5. 100th image of Vulcan XC 72 0.465 mg Nafion/mg C image dataset at a constant
threshold setting of 75.
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Appendix B- Carbon Electrocatalyst Properties
Table B-1. Physical Properties of Electrocatalysts Tested
Vulcan XC 72

Printex L6

Vulcan XC 72R

Ketjen Black EC300J

Bulk Density (kg/m3)

264

-

96

125-145

Ave. Particle Size(nm)

50(when broken down)

18

50

30-50(when broken down)

250a

270

218a

800b

pellets

powder

powder

pellets

Surface Area, BET(m2/g)
Comes as

a

Value obtained from https://www.researchgate.net/profile/VeronicaCelorrio/publication/259442510_Study_and_application_of_Vulcan_XC72_in_low_temperature_fuel_cells/links/0046353709edbb2b19000000/Study-and-applicationof-Vulcan-XC-72-in-low-temperature-fuel-cells.pdf
b

Value obtained from https://www.lion-specialty-chem.co.jp/en/product/carbon/carbon01.htm

All other values for Vulcan XC 72, XC 72R, and Ketjen Black EC300J obtained from
fuelcellstore.com. Printex L6 values obtained from
https://www.thecarycompany.com/media/pdf/specs/orion-carbon-black-specialty-products.pdf.
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Appendix C – Cost analysis
Table C-1. Cost Comparison on the Inclusion of Nafion and Carbon Electrocatalyst

a

Compound
Nafion solution 5%

Amount(ml)
250

Cost($)
340a

Cost($)/ml
1.36

Cost($)/cathode
6.80

100% ethanol

16000

1370b

0.086

0.43

Nafion:ethanol 1:1

-

-

-

3.61c

Carbon
Printex L6

Amount(g)
9979.03

Cost($)
236.96

Cost($)/g
0.02

Cost($)/cathode at
1.5mg/cm2(500mg)
0.01

Vulcan XC 72

500

450a

0.90

0.45

Values obtained from https://www.fuelcellstore.com/

b

Value obtained from
https://www.sigmaaldrich.com/catalog/search?term=Ethanol+100%25&interface=All&N=0&mo
de=partialmax&lang=en&region=US&focus=product
c

Value calculated by taking 2.5 mL of Nafion dispersion 5% and 2.5 ml of 100% ethanol for
5mL binding agent solution
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